Background
==========

Stroke is emerged as one of the main causes of death and disability broadly, which can be categorized into 2 major types of stroke, namely, cerebral ischemia and hemorrhagic stroke \[[@b1-medscimonit-26-e920101]\]. Cerebral ischemia is the major player of acute ischemic stroke (AIS) and mainly caused by blood vessels obstruction-induced reduced blood flow \[[@b2-medscimonit-26-e920101],[@b3-medscimonit-26-e920101]\]. In addition, excessive inflammation and oxidative stress may aggravate AIS symptoms and increased mortality of patients with AIS \[[@b4-medscimonit-26-e920101]\]. With the increasing morbidity and mortality of stroke-related deaths worldwide, AIS has aroused huge attention all over the world. However, owing to the limitations of magnetic resonance imaging (MRI) and enhanced computed tomography (CT) in the diagnosis of AIS \[[@b5-medscimonit-26-e920101]\], it is more and more crucial and urgent to investigate the underlying mechanism of AIS pathogenesis and identify precise diagnosis to monitor disease progression. Multiple pathological and physiological processes are involved in the occurrence and progression of AIS, including energy failure, post ischemic inflammatory response, ischemic oxidative stress and even cell apoptosis \[[@b6-medscimonit-26-e920101]\]. It is well-known that AIS is a neurological deficit accompanied by high intracranial vascular inflammation. Thus, we presume that inhibiting inflammatory response and oxidative stress may be potential therapeutic strategies to alleviate the neural damage induced by oxidative-glucose deprivation/re-oxygenation (OGD/R).

MicroRNAs (miRNAs) are a new class of small, non-coding RNAs consisting of 21--25 nucleotides, that repress translation or degrade messenger RNA transcripts through interaction with their target coding messenger RNAs (mRNA) at the 3′-untranslated region (3′UTR) \[[@b7-medscimonit-26-e920101]\]. Accumulating studies have shown that miRNAs are closely associated with cell proliferation, inflammation, and apoptosis, and it offers tremendous potential evidences in unraveling the underlying mechanisms of stroke pathogenesis \[[@b8-medscimonit-26-e920101],[@b9-medscimonit-26-e920101]\]. Recent study demonstrated that the level of miR-218-5p in plasma was elevated in patients with AIS compared with controls \[[@b10-medscimonit-26-e920101]\]. In addition, Jin et al. disclosed that elevated miR-185 plasma levels could be served as promising and independent predicting factors for AIS \[[@b11-medscimonit-26-e920101]\]. As N-myc downstream regulated gene (NDRG) family members, NDRG1--NDRG4 are cytoplasmic protein, which consists of 340 to 394 amino acid residues and have amino acid sequence homology \[[@b12-medscimonit-26-e920101]\]. NDRG4 was reported to be specifically expressed in the brain and heart \[[@b13-medscimonit-26-e920101]\]. Previous studies indicated that NDRG4 plays an important role in the maintenance of intracerebral brain-derived neurotrophic factor levels, contributing to the resistance to neuronal cell injury induced by ischemic stress. Furthermore, NDRG4 knockout animals are at risk of cerebral ischemia, implying that NDRG4 may be a potential therapeutic target to alleviate ischemia-induced injury \[[@b12-medscimonit-26-e920101]\]. However, the underlying mechanism is still unclear. Interestingly, NDRG4 was found that it is one of the potential target genes of miR-218-5p by predicting on the Targetscan database (*[www.targetscan.org](www.targetscan.org)*).

In the present study, PC12 cells were chosen to establish oxidative-glucose deprivation/re-oxygenation (OGD/R) injury model. The present study aimed to investigate the underlying mechanisms of miR-218-5p effects on acute ischemic stroke. Taken together, all results implied that miR-218-5p downregulation protects against OGD/R-induced injuries via upregulating NDRG4 *in vitro*.

Material and Methods
====================

Cell culture and OGD/R treatment
--------------------------------

Rat pheochromocytoma cells (PC12 cells) were purchased from ATCC and maintained in Dulbecco's Modified Eagle Medium (DMEM) contained with 10% fetal bovine serum (FBS), 100 μg/mL streptomycin, and 100 units/mL penicillin with normal growth conditions (5% CO~2~ and 95% N~2~) in a 37°C humidified atmosphere. PC12 cells were treated with OGD/R or without pre-treatment as previous study described with minor revision \[[@b14-medscimonit-26-e920101]\]. In brief, PC12 cells were cultured in glucose-free DMEM, and then the cells were placed in an anaerobic chamber supplemented with 5% CO~2~ and 95% N~2~ at 37°C for 2 hours. The glucose (4.5 mg·mL^−1^) was added subsequently. Finally, PC12 cells were maintained with normoxic conditions (95% air and 5% CO~2~) for 12 hours.

PC12 cells transfection
-----------------------

PC12 cells were seeded randomly in 6-well plates. After the medium was replaced with serum-free DMEM, PC12 cell lines were transfected by miR-NC (100 nM), miR-218-5p mimic (100 nM), miR-218-5p inhibitor (100 nM), shRNA-NC (1 μM), shRNA- NDRG4-1, or shRNA- NDRG4-2 (1 μM) by using transfection reagent Lipofectamine 3000 (Invitrogen; Thermo Fisher Scientific, Inc.) in accordance with the manufacturer's instructions. The miR-218-5p mimic, miR-NC, shRNA-NDRG4, and shRNA-NC were obtained from Biomics Biotechnologies Co., Ltd. The culture medium was replaced with fresh DMEM containing 10% FBS following a 6 to 8 hours incubation period. After culture for another 48 hours, western blotting and real-time quantitative polymerase chain reaction (RT-qPCR) were employed to detect the efficiency of transfection.

RNA Isolation and RT-qPCR
-------------------------

Total RNA was obtained from PC12 cells with TRIzol reagent (Ambion, USA) following the manufacturer's instructions. Subsequently, 1 μg total RNAs were reverse transcribed with PrimeScript RT Reagent Kit with gDNA Eraser (TaKaRa, Otsu, Shiga, Japan) to synthesize cDNAs. Quantitative PCR was performed by using SYBR Premix EX Taq (Takara, Otsu, Shiga, Japan). The mRNA levels for each gene were calculated using the2^−ΔΔCt^ method with normalization to expression level of GAPDH. The primer sequences of miR-218-5p and NDRG4 for qPCR amplification were shown below:

1.  miR-218-5p, F: 5′-ACACTCCAGCTGGGTTGTGCT-3′,

2.  R: 5′-TGTCGTGGAGTCGGCAATTC-3′;

3.  NDRG4, F: 5′-TCTTCCCTGATTTGGTGGAG-3′,

4.  R: 5′-CCAGAAGAGCTGAAGGTTGG-3′;

5.  GAPDH, F: 5′-CTCACCGGATGCACCAATGTT-3′,

6.  R: 5′-CGCGTTGCTCACAATGTTCAT-3′

Western blotting analysis
-------------------------

Total proteins were obtained from PC12 cell lines by radioimmunoprecipitation assay buffer (RIPA) lysis buffer after being washed with cold phosphate-buffered saline (PBS). Total protein extract was fractionated with 10% SDS-PAGE and transferred onto PVDF membranes. Each membrane was incubated with specific primary antibodies overnight at 4°C after being blocked with 5% skim milk. Rabbit anti- NDRG4 antibodies (1: 1000), rabbit anti-p-eNOS antibodies (1: 1000), rabbit anti-eNOS antibodies (1: 1000), rabbit anti-iNOS antibodies (1: 1000), rabbit anti-Bcl2 antibodies (1: 1000), rabbit anti-Bax antibodies (1: 1000), rabbit anti-cleaved caspase-3 antibodies (1: 1000), and rabbit anti-caspase-3 antibodies (1: 1000) were acquired from Cell Signaling Technology (Danvers, MA, USA). After being washed with 1×TBST, 3 times, the PVDF membranes were reacted with appropriate horseradish peroxidase-conjugated secondary antibodies for 2 hours at room temperature. Further, the target proteins expression was analyzed by using chemiluminescence detection kit (Millipore, Billerica, MA, USA).

Luciferase reporter assay
-------------------------

The potential target genes of miR-218-5p were searched on the Targetscan database. Among these candidates, NDRG4 was selected because of its protective effect on neuronal cell injury. To investigate the miR-218-5p on the 3′-UTR of NDRG4, luciferase reporter plasmid, pMIR- NDRG4-3′-UTR wild type (Wt), and pMIR-NDRG4-3′-UTR mutant (Mut) were synthesized and co-transfected into PC12 cells along with miR-218-5p mimics or miR-NC in 96-well plates by Lipofectamine 2000. The luciferase activities were detected at 48 h after transfection and normalized to Renilla activity using the Dual-Luciferase reporter assay system (Promega).

Biochemical analysis
--------------------

According to the manufacturer's protocols, the levels of reactive oxygen species (ROS), malondialdehyde (MDA), superoxide dismutase (SOD), glutathione peroxidase (GSH-Px), myeloperoxidase (MPO) and inflammatory cytokines including tumor necrosis factor-α (TNF-α), interleukin-1β (IL-1β) and monocyte chemotactic protein 1 (MCP-1) in PC12 cells supernatants of respective group were analyzed with commercial test kits and enzyme-linked immunosorbent assay (ELISA) Kits (Duo-Set; R&D Systems), respectively. The optical density (OD) value at 450--650 nm was measured using a microplate reader.

Cell apoptosis analysis
-----------------------

PC12 cells (1×10^6^ cells/mL) were incubated and transfected with miR-218-5p mimic or miR-NC followed by washing and trypsinization. Cells were centrifuged and resuspended with binding buffer (100 μL). Subsequently, PC12 cells were stained with Annexin V-fluorescein isothiocyanate (FITC) and propidium iodide (PI) staining solution. Finally, the solubilized PC12 cells were maintained on ice for 0.5 hours in the darkness following the manufacturer's instructions. The Annexin FITC-positive and PI-negative cells were identified as apoptotic cells, and the percentage of apoptotic cells in each sample was conducted on a flow cytometer (Becton Dickinson, USA) and analyzed with BD LSRFortessa software. Moreover, the expression levels of proteins related to cell apoptotic are detected by western blotting.

Statistical analysis
--------------------

All data are expressed as the means±standard deviation (SD) and analyzed with SPSS 17.0 software. Two-tailed Student's *t-*tests were used to compare the differences between groups and one-way analysis of variance (ANOVA) test followed by Tukey post-test was performed to compare the parameters of multi-groups. *P*-value \<0.05 was defined as statistically significant difference.

Results
=======

MiR-218-5p level was increased and directly targeted NDRG4 in OGD/R injured PC12 cells
--------------------------------------------------------------------------------------

To investigate the role of miR-218-5p in AIS, its expression level was first detected by RT-qPCR. As presented in [Figure 1A](#f1-medscimonit-26-e920101){ref-type="fig"}, miR-218-5p expression was notably increased in OGD/R injured PC12 cells compared to controls. The RT-qPCR and western blot were employed to detect the expression of NDRG4. In contrast, the expression level of NDRG4 was decreased in OGD/R injured PC12 cells compared to controls ([Figure 1B, 1C](#f1-medscimonit-26-e920101){ref-type="fig"}). Interestingly, luciferase reporter assay results suggested that miR-218-5p directly targets NDRG4 gene to inhibit its expression ([Figure 1D, 1E](#f1-medscimonit-26-e920101){ref-type="fig"}). Therefore, these results indicated that the miR-218-5p level is increased and directly targets NDRG4 in OGD/R injured PC12 cells.

NDRG4 silencing blocked the suppressive effect of miR-218-5p downregulation on inflammatory cytokine release and oxidative stress status
----------------------------------------------------------------------------------------------------------------------------------------

To investigate the mechanism underlying miR-218-5p in promoting cerebral ischemia, miR-218-5p inhibitor plasmid and NDRG4 interference plasmids were established to downregulate its expression level respectively. MiR-218-5p inhibitor, shRNA-NDRG4-1 and shRNA-NDRG4-2 significantly suppressed its expression level respectively. ShRNA-NDRG4-1 was chosen for the next study because of its better suppressive effect ([Figure 2A--2C](#f2-medscimonit-26-e920101){ref-type="fig"}).

Specific ELISA kits were employed to analyze the supernatant of OGD/R injured PC12 cells, the results showed that the release of pro-inflammatory cytokines, such as TNF-α, IL-1β, and MCP-1 was elevated markedly in injured PC12 cells group. MiR-218-5p inhibitor significantly inhibited the levels of TNF-α, IL-1β, and MCP-1, which was reversed by NDRG4 poor expression. Oxidative stress status was further measured using respective commercial test kits. Additionally, OGD/R treatment increased ROS production and MDA level, enhanced the activities of GSH-Px and MPO, and attenuated the activities of SOD in injured PC12 cells, which were reversed by miR-218-5p downregulation. However, the low expression of NDRG4 abolished the suppressive effect of miR-219-5p on oxidative stress status ([Figure 2D, 2E](#f2-medscimonit-26-e920101){ref-type="fig"}). Thus, it was found that NDRG4 silencing blocked the suppressive effect of miR-218-5p downregulation on inflammatory cytokine release and oxidative stress status.

NDRG4 silencing abrogated miR-218-5p downregulation induced inhibitory effects on cell apoptosis
------------------------------------------------------------------------------------------------

To further explore the mechanism underlying protective effect of miR-218-5p in cerebral ischemia stroke, flow cytometry was used to analyze the effect of miR-218-5p on cell apoptosis. As shown in [Figure 3A, 3B](#f3-medscimonit-26-e920101){ref-type="fig"}, flow cytometry analysis results revealed that miR-218-5p inhibitor significantly decreased cell apoptosis induced by OGD/R, compared with miR-NC. However, low expression of NDRG4 notably enhanced cell apoptosis. Furthermore, to confirm the role of miR-218-5p on cell apoptosis, western blotting was employed to analyze the expression of protein related to cell apoptosis. The results showed that OGD/R condition induced increased expression levels of Bax, cleaved caspase-3 and decreased expression levels of Bcl2, which were corrected by miR-218-5p downregulation. As expected, low expression of NDRG4 abrogated the correction action of miR-218-5p downregulation in abnormal expression of above proteins ([Figure 3C](#f3-medscimonit-26-e920101){ref-type="fig"}).

NDRG4 silencing abolished the protective effect of miR-218-5p downregulation in vascular endothelial functions
--------------------------------------------------------------------------------------------------------------

To evaluate the role of miR-218-5p in vascular endothelial functions, the level of NO and expression levels of eNOS and iNOS were analyzed by commercial assay kits and western blotting. The content of NO and p-eNOS expression were markedly inhibited in OGD/R injured PC12 cells. On the contrary, the iNOS expression was significantly increased by OGD/R treatment compared with miR-NC. MiR-218-5p inhibitor significantly ameliorated NO, p-eNOS levels and suppressed the iNOS expression level, which were abrogated by NDRG4 silencing ([Figure 4](#f4-medscimonit-26-e920101){ref-type="fig"}).

Discussion
==========

Acute ischemic stroke (AIS) is primarily caused by vessel occlusion and induces a loss of brain function. AIS possesses potentially adverse outcomes and imposes a heavy burden on society \[[@b15-medscimonit-26-e920101]\]. Although in recent decades, great advances have achieved in prevention, diagnose and therapy of AIS \[[@b16-medscimonit-26-e920101],[@b17-medscimonit-26-e920101]\], the molecular biology of AIS remains unclear. Identifying novel biomarkers with high feasibility is crucial for precise diagnosis and monitoring of disease progression. Recent studies have reported that miR-218-5p level in plasma is increased in patients with AIS \[[@b10-medscimonit-26-e920101],[@b11-medscimonit-26-e920101]\]. In order to prove it, PC12 cells were chosen to establish OGD/R injury model. Present study revealed that miR-218-5p expression was elevated in OGD/R injured PC12 cells, in accordance with the previous clinical trials \[[@b10-medscimonit-26-e920101],[@b11-medscimonit-26-e920101]\]. Moreover, miR-218-5p was also exhibited to target NDRG4 gene directly and inhibited its expression. In present study, miR-218-5p and NDRG4 expression was regulated to investigate molecular mechanism of miR-218-5p in potential pathogenesis of AIS.

Central nervous system inflammation is closely related to the development of brain damage induced by acute ischemia \[[@b18-medscimonit-26-e920101]\]. Furthermore, Hu et al. reported that Gualou Guizhi decoction have protective effect on ischemia-reperfusion brain damage through inactivation of the nuclear factor κ-B inflammation pathway \[[@b19-medscimonit-26-e920101]\]. In present study, marked pro-inflammatory factors, including TNF-α, IL-1β, and MCP-1, were observed after OGD/R treatment. MPO enzymatic activity was assessed to determine the extent of inflammation in injured PC12 cells. These data suggested that miR-218-5p downregulation remarkably inhibited inflammatory cytokines levels in OGD/R conditions, which were abolished by low expression of NDRG4. Thus, inflammation inhibition by miR-218-5p may be related to the neuroprotective effects. Furthermore, recent studies have centered on ameliorating patient outcomes and neurological dysfunction by inhibiting cell apoptosis and inflammatory responses after ischemic injury. Wu et al. demonstrated that Germacrone, identified as an anti-inflammatory compound extracted from Rhizoma curcuma, possesses neuroprotective effects in rat models of cerebral ischemia/reperfusion injury via antioxidative and antiapoptotic mechanisms \[[@b20-medscimonit-26-e920101]\]. Our data suggested that miR-215-5p downregulation decreased ROS production and MDA level, suppressed activities of GSH-Px and MPO, and elevated activities of SOD in OGD/R injured PC12 cells. However, low expression of NDRG4 elevated the oxidative stress status significantly. Echinocystic acid suppressed cell apoptosis and excessive inflammation and possessed neuroprotective effects through the inactivation of JNK pathway in cerebral I/R injury \[[@b21-medscimonit-26-e920101]\]. Xie et al. demonstrated that notoginseng leaf triterpenes inhibited the apoptosis of neuronal cells induced by cerebral ischemia and exert neuroprotective effects \[[@b22-medscimonit-26-e920101]\], which is consistent with our results. Our data implied that miR-218-5p downregulation induced inhibitory effects on cell apoptosis induced by OGD/R treatment, which were also abrogated by NDRG4 silencing. Therefore, all results demonstrated that miR-218-5p downregulation protect against OGD/R-induced injury through attenuating secretion levels of inflammatory cytokines, oxidative stress status and cell apoptosis rate by upregulating NDRG4.

Endothelial nitric oxide synthase (eNOS) is found to express predominantly in the vasculature and catalyzes the conversion of amino acid L-arginine to NO \[[@b23-medscimonit-26-e920101]\]. Impairment of eNOS activity is involved in the pathogenesis of endothelial dysfunction in numerous diseases including ischemic stroke \[[@b24-medscimonit-26-e920101]\]. Thus, eNOS plays crucial roles in the maintenance of endovascular homeostasis. The data confirmed that miR-218-5p downregulation significantly ameliorated NO and p-eNOS levels and suppressed the iNOS expression level. In accordance with our study, Zhang et al. demonstrated that the improvement of eNOS uncoupling and activation eNOS/NO ameliorated ischemia/reperfusion-induced brain endothelial permeability \[[@b25-medscimonit-26-e920101]\]. Maedeh et al. also reported that chronic morphine protected against IR injury via downregulating I/R-induced iNOS expression and modifying oxidative stress and NO production in the hippocampal tissue \[[@b26-medscimonit-26-e920101]\]. However, the protective action of miR-218-5p downregulation in vascular endothelial functions was significantly abolished by NDRG4 silencing. These data further confirm the protective action of miR-218-5p deletion on cerebral OGD/R-induced brain damage.

Conclusions
===========

MiR-218-5p was related to pathogenesis of AIS through inflammation response, oxidative stress, cell apoptosis and vascular endothelial functions. Downregulation of miR-218-5p protects against oxygen-glucose deprivation/reperfusion-induced injuries of PC12 cells through reducing the secretion levels of inflammatory cytokines, oxidative stress status, cell apoptosis rate and maintenance of endovascular homeostasis by upregulating NDRG4. All results suggested that miR-218-5p may serve as a novel effective marker to monitor disease progression. Furthermore, these findings provide novel insight for defining alternative neuroprotective strategies in AIS.
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![MiR-218-5p level is increased and directly targets NDRG4 in OGD/R injured PC12 cells. (**A**) MiR-218-5p level was measured via RT-qPCR. (**B, C**) The expression level of NDRG4 was measured with RT-qPCR and western blotting. (**D**) The putative binding sites of miR-218-5p. (**E**) Luciferase reporter assay was employed to investigate the interaction between miR-218-5p and NDRG4. The data were expressed as means±SD; \*\* *P*\<0.01, \*\*\* *P*\<0.001 versus Control. ^\#\#^ *P*\<0.01 versus NDRG4+miR-NC. NDRG4 -- N-myc downstream regulated gene 4; OGD/R -- oxidative-glucose deprivation/re-oxygenation; RT-qPCR -- real-time quantitative polymerase chain reaction; SD -- standard deviation.](medscimonit-26-e920101-g001){#f1-medscimonit-26-e920101}

![NDRG4 silencing blocked the suppressive action of miR-218-5p downregulation in inflammatory cytokine release and oxidative stress status. (**A**) MiR-218-5p level was measured by RT-qPCR. (**B, C**) NDRG4 expression was analyzed by RT-qPCR and western blot. (**D**) The secretion levels of inflammatory cytokines, including tumor necrosis factor-α (TNF-α), interleukin-1β (IL-1β) and monocyte chemotactic protein 1 (MCP-1) were detected by ELISA kits, myeloperoxidase (MPO) activities was analyzed with MPO assay kit. (**E**) The levels of oxygen species (ROS) production and malondialdehyde (MDA), glutathione peroxidase (GSH-Px) and activities of superoxide dismutase (SOD) were measured with specific assay kits. The data were expressed as means±SD; \*\*\* *P*\<0.001 *vs.* Control. ^\#\#\#^ *P*\<0.001 versus. OGD/R. ^@@^ *P* \< 0.01, ^@@@^ *P*\<0.001 versus miR-218-5p inhibitor. NDRG4 -- N-myc downstream regulated gene 4; RT-qPCR -- real-time quantitative polymerase chain reaction; ELISA -- enzyme-linked immunosorbent assay; SD -- standard deviation; OGD/R -- oxidative-glucose deprivation/re-oxygenation.](medscimonit-26-e920101-g002){#f2-medscimonit-26-e920101}

![NDRG4 silencing abrogated miR-218-5p downregulation induced inhibitory effects on cell apoptosis. **(A, B**) The cells apoptosis was assayed with flow cytometry. (**C**) Expressions levels of Bax, Bcl-2, cleaved caspase-3, and caspase-3 proteins were evaluated by western blotting. The data were expressed as means±SD; \*\*\* *P*\<0.001 versus Control. ^\#\#\#^ *P*\<0.001 versus OGD/R. ^@@^ *P*\<0.01, ^@@@^ *P*\<0.001 versus miR-218-5p inhibitor. NDRG4 -- N-myc downstream regulated gene 4; SD -- standard deviation; OGD/R -- oxidative-glucose deprivation/re-oxygenation.](medscimonit-26-e920101-g003){#f3-medscimonit-26-e920101}

![NDRG4 silencing blocked the protective effect of miR-218-5p downregulation on vascular endothelial functions. (**A**) The level of NO was analyzed with NO assay kit. (**B**) The expression levels of p-eNOS/eNOS and iNOS were measured by western blot. The data were expressed as means±SD; \*\*\* *P*\<0.001 *vs.* Control. ^\#\#^ *P*\<0.001, ^\#\#\#^ *P*\<0.001 versus OGD/R. ^@^ *P*\<0.05, ^@@^ *P*\<0.01 versus miR-218-5p inhibitor. NDRG4 -- N-myc downstream regulated gene 4; NO -- nitric oxide; eNOS -- endothelial nitric oxide synthase; iNOS -- inducible nitric oxide synthase; SD -- standard deviation; OGD/R -- oxidative-glucose deprivation/re-oxygenation.](medscimonit-26-e920101-g004){#f4-medscimonit-26-e920101}
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